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Abstract
This work of thesis aims to study the performances of a new concept of heat
radiator. This radiator is innovative because, contrary to the present ones,
it is capable not only to vary the thermal resistance and, thus, the heat ﬂux
exchanged towards the environment, but to basically change the nature of the
link between the payload and the surroundings, as will be better described
in the following chapters.
All the data acquired are based on a test setup called POLARIS (POlimer-
Actuated Radiator with Independent Surfaces).
This concept of radiator is intended to operate on planetary probes lack-
ing an accurate attitude control and exposed to environmental changes; these
conditions are close to those the experiment experienced during a strato-
sphere ﬂight in October 2014 on a BEXUS balloon in the framework of
the REXUS/BEXUS programme, which is realised under a bilateral Agency
Agreement between the German Aerospace Center (DLR) and the Swedish
National Space Board (SNSB). The Swedish share of the payload has been
made available to students from other European countries through a collab-
oration with the European Space Agency (ESA).
x
Chapter 1
Thermal control of Spacecrafts
1.1 Space environment
All spacecrafts, artiﬁcial satellites and space stations have to exchange heat
with the outer environment in order to keep serviceable all the on-board sys-
tems or to sustain an ambient temperature opportune to human living. In
particular, a spacecraft in a low Earth orbit (LEO) receives electromagnetic
radiation from three primary external sources. The most inﬂuential source
is the direct solar ﬂux. The average value of this solar ﬂux at the mean Sun-
Earth distance is called solar constant1, which has been set as community's
agreement at the value of 1366.1 W/m2. The currently measured 1-sigma
variation of the composite dataset of space based measurements is approx-
imately 0.6 W/m2 and there is a long-term (yearly) smoothed solar cycle
minimum to maximum relative variation about the mean value of approx-
imately 1.4 W/m2, as is shown in table 1.1; therefore this is not really a
constant but varies by about 3.4% during each year because of the slightly
elliptical orbit of the Earth around the Sun[2].
1The solar constant varies geometrically with the Earth's distance from the sun and
with the Sun's magnetic ﬁeld activity on short to long timescales, as well as with the
observer's heliocentric latitude
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Figure 1.1: The International Space Station, radiators in white. Credits
NASA
Table 1.1: Solar constant values
W/m2
Solar constant at 1 AU 1366.1
Solar energy ﬂux at aphelion 1321.6
Solar energy ﬂux at perihelion 1412.9
The two components of this radiation that we consider here are the visible,
which comes from the solar photosphere (which is only about 400 km thick,
has a temperature of approximately 5000 to 6000 K, and yet is responsible
for the greatest percentage of the total solar radiation) in the range between
350 to 750 nm, and the infra-red (IR) in the range between 750 nm to 1 mm.
In fact the solar spectrum shall be approximated by a black body curve with
a characteristic temperature of 5762 K, as shown in ﬁgure 1.2. The eﬀect
of the other radiation, such as UV and X rays induce less inﬂuence on the
Thermal Control System (TCS).
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Figure 1.2: Solar Radiation Spectrum[7]
The two others radiation sources are the fraction of the incident sunlight
reﬂected oﬀ the planet, termed albedo, and the planetary (Earth in this case)
IR radiation.
Albedo is the fraction of sunlight which is reﬂected oﬀ a planet or moon
and is only applicable when the portion of the planet that is seen by the
spacecraft is sunlit. Usually it is expressed as a percentage of incident sun-
light and is assumed to be diﬀuse. For the albedo the same spectral shape as
for sunlight is assumed, but actual albedo spectrum can change, depending
on properties of the surface (diﬀerent materials can lead to absorption in
certain wavelength bands and result in a highly variable spectrum) or of the
atmosphere. An average value of the albedo constant of the planets in the
solar system is reported in table 1.2. The variation of ﬂux due to the albedo
is not negligible, in fact, if any satellite component is sensitive to albedo loads
and has a low thermal, mass may require that also albedo variation around
the orbit be considered.
Planets not only reﬂect sunlight, they also emit low-wave IR radiation.
Indeed, they achieves thermal equilibrium by balancing the energy received
from the Sun with the energy re-emitted by themselves. The intensity of IR
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energy emitted at a given time can vary considerably depending on factors
such as surface and air temperature, atmospheric moisture content and cloud
coverage. As with albedo, orbit average values are shown in table 1.2, but
for spacecrafts with a particular sensitivity to variations in loads around the
orbit more accurate analysis has to be done.
Table 1.2: Reference values for average planetary albedo and IR radiation [2]
Planet Average Albedo Average IR (K)
Mercury 0.106 442
Venus 0.65 231.7
Earth 0.3 288
Mars 0.15 210.1
Jupiter 0.52 110
Saturn 0.47 81.1
Uranus 0.51 58.2
Neptune 0.41 46.6
During a mission a spacecraft face many other heat sources, e.g. those
present in the initial ascending phase, those due to the rocket propulsion or
free molecular heating, but in this essay are neglected, in order to cover more
accurately the TCS tasks during the operational phases of the spacecraft.
Moreover, while TCS is comprehensive of many devices, such as diﬀerent
materials and surface ﬁnishes, insulation blankets, heaters and refrigerators,
here we focus only on radiators.
1.2 Thermal Control System
In spacecraft design, the thermal control system (TCS) has the function to
keep all the spacecraft parts within acceptable temperature ranges during
all mission phases, avoiding failures due to freezing or overheating. It has
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to withstand the external environment, which can vary in a wide range as
described in section 1.1, and rejecting to space the internal heat dissipation
of the spacecraft itself. This is required for two main reasons:
1. All the electronic and mechanical devices are design to operate in a
narrow range of temperature; lifespan and reliability of those devices
are related to the environmental conditions they face. Furthermore
many diﬀerent payloads may have more constricting temperature re-
quirements.
2. Most materials used in aerospace industry have non-zero coeﬃcients
of thermal expansion and hence temperature changes imply thermal
distortion: spacecrafts require high structural stability and therefore
thermally induced distortion must be strictly controlled.
The temperature ranges required in order to work in an optimal eﬃciency
state of the main components of a spacecraft are shown in table 1.3 [12]:
those ranges derivate from the fact that most components are designed to
eﬃciently work on Earth. Although electrical and mechanical devices used in
military and aerospace applications must endure greater temperature range,
usually between −55◦C and 125◦C, the operative thermal range is usually
reduced to the minimum in order to achieve a superior reliability for the
above mentioned components and a longer MTBF.
The TCS is usually composed by three diﬀerent sub-systems. First of
all, by devices interacting with the environment; either the surfaces need to
be protected from the environment or there has to be improved interaction.
Then devices dedicated to collect and transport heat. This includes the re-
moval of dissipated heat from the equipment in which it is created to avoid
unwanted increase in the spacecraft temperature and its carriage to the ra-
diating devices. Eventually many spacecrafts has also devices dedicated to
heat provisioning and storage, in order to precisely maintain a desired tem-
perature (e.g. phase-change materials (PCM)).
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Table 1.3: Components operative temperature ranges
Min [◦C] Max [◦C]
Electronic equipment -15 50
Batteries 0 20
Mechanisms 0 50
IR detectors -270 -170
Solar panels -100 125
Thermal control is what allows maintaining the satellite's (or an-
other space system) temperatures within set parameters during its life-
time. For instance, a piece of equipment could, if encountering a tem-
perature level which is too high, be damaged or its performance could
be severely aﬀected. In space it would hardly be possible to correct such
a problem and this is why space thermal control systems - like other
space subsystems - need to be properly designed and tested and need
to be very eﬃcient and highly reliable. Thermal control is also what
keeps the speciﬁed temperature stability for delicate electronics or op-
tical components so as to ensure that they perform as eﬃciently as
possible. ESA deﬁnition of thermal control
1.3 Space radiators
Ideally, thermal control of a satellite or component would be achieved using
only passive techniques, such as surface ﬁnishes. Unfortunately, variation in
environment conditions and internal heat generation, along with the degra-
dation of the surface ﬁnishes over time, can drive temperature variations to
ranges larger than some components can withstand. Therefore, since the be-
ginning of the space exploration era many active devices have been developed
and nowadays there are a lot of diﬀerent technologies that are able to control
the heat ﬂuxes.
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Radiators occur in several diﬀerent forms, such as satellite structural pan-
els, ﬂat-plate radiators mounted to the side of the satellite, or panels that are
deployed after the spacecraft orbit acquisition. Whatever the conﬁguration,
all radiators reject heat by IR radiation from their surfaces. The radiating
power is dependent on the emittance of the surface and its temperature,
following the formula 1.1.
Q = A · ε · σ · T 4 (1.1)
The radiator must reject both the satellite waste heat plus any radiant-
heat load coming from the environment.
Louver, closed
Louver, open
Figure 1.3: Example of venetian style louvers
Many solutions have been designed to overcome this problem. Most of
them involve[5]:
Heaters these devices are sometimes required to protect components un-
der cold-case environmental conditions or to make up for heat that
is not dissipated when an electronic box is turned oﬀ. Heaters may
also be used with thermostats or solid-state controllers to provide pre-
cise temperature control of a particular component. A third common
use for heaters is to warm-up components to their minimum operating
temperatures before they are turned on.
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Louvers these are active elements that have been used in diﬀerent forms on
numerous spacecraft. In general, louvers can provide about six-to-one
variation in heat rejection from fully closed to fully open without any
power consumption. Thus, they ﬁnd applications where the internal
power dissipation varies rather widely due to duty-cyclic considera-
tions. Louver assemblies can be very diﬀerent, but the most used is
the venetian blind type. This consist in a low-absorbance-to-emittance
ratio baseplate covered by blades that give variable radiation charac-
teristic to the baseplate. The blades are driven by the actuators that
usually consist in bimetallic spirals or bellows.
Thermoelectric Coolers that use the Peltier eﬀect2, typically between two
semiconductor (p-type and n-type) connected by a metallic conductor.
These devices have been used for modest (10 − 20◦ C) local cooling
applications and are reliable and compact, but are poorly eﬃcient and
ma have some structural problems due to diﬀerent thermal coeﬃcients
of expansion of joined materials.
Phase-Change Materials normally used to maintain a target temperature
for cyclically operating components that produce a large amount of heat
in short time. PCM use a substance with a high heat of fusion which,
melting and solidifying at a certain temperature, is capable of storing
and releasing large amounts of energy. Heat is absorbed or released
when the material changes from solid to liquid and vice versa. PCM
systems are totally passive and very reliable, however they can show
problems connected to the volume change of the device due to the phase
change.
Pumped Fluid Loops are devices that provide eﬃcient transfer of a large
amount of thermal energy between two points by means of forced liquid
2The cooling of one junction and the heating of the other when electric current is
maintained in a circuit of material consisting of two dissimilar conductors
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convective cooling. The working ﬂuid is recirculated by a pump within
the system once its thermal energy has been radiated to space via a
radiator. Those devices are usually very eﬃcient but have problems
related to the use of ﬂuids and pumps.
It is also important to remember that in many scenario it is necessary
not to waste heat and thus an insulation system is required; such systems
are designed to minimize radiative exchanges and are normally referred to as
Multi Layer Insulator (MLI).
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Figure 1.4: Theoretical eﬀective emittance versus number of layers
This consist typically of several layers of aluminized plastic ﬁlm, such
as Mylar or Kapton, acting as radiative shields, each separated by a low
conductance spacer (e.g. silk, Nylon or a glass ﬁber net). Such a blanket
might consist of 40 or more layers, each about 10 µm thick and aluminized
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on both sides. The theoretical values of eﬀective emittance as a function
of number of layers, neglecting the eﬀect of conduction between layers or
through joints, or edge eﬀects, are shown in ﬁgure 1.4.
Anyhow, due to the diﬃcult standardization of space missions, it is im-
possible to determinate the best way to control radiators eﬃciency: any of
the presented devices have advantages and inherent issues that, depending
on the type, could aﬀect all the satellite subsystems. Therefore, the choice
between these devices is done to obtain a highly optimized solution, which
represent the best trade-oﬀ between power consumption, mass and devel-
opment complexity, considering the mission requirements and its thermal
environment.
1.4 State of the art
The heat amount exchanged by a radiator strongly depends both on the in-
ternal heat ﬂuxes and on the thermal environment that the satellite faces,
and its sizing must be carefully calculated in order to ensure the right dis-
sipation in the worst hot case, namely the one with maximum internal and
external heat ﬂuxes. Anyhow, given that these two ﬂuxes may vary quite a
lot during the mission lifetime (i.e. during electronics switching oﬀ, eclipses,
attitude variation, surfaces degradation) an accurate design has to be chosen
in order to obtain an opportune ﬂexibility on the radiator performances, so
that it would not exchange too much heat and over-cool the electronics.
A great example of a modern radiator is the one built for Rosetta: this
probe is orbiting its target Comet 67P/Churyumov-Gerasimenko, whose or-
bit reached its closest point to the Sun on 13 August 2015. But to make
that rendezvous involved a decade-long odyssey of planetary ﬂybys and wide
temperature ﬂuctuations. At times Rosetta urgently needed to dump waste
heat, while at other points heat became a precious resource, essential to keep
the mission from freezing during its 31-month hibernation phase. The solu-
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tion was a particular louver radiator (visible in ﬁgure 1.5), with many thin
reﬂective metal blades. In high temperature conditions they remain open to
let heat radiate away, but in the cold they automatically close up instead.
Some 14 of these louver panels cover 2.25 m2 of Rosetta, placed over its radi-
ators across the side and back of the spacecraft. The louvers open and close
on a fully passive basis, requiring no power to operate. Instead they work
on a bimetallic thermostat principle. The blades are moved by coiled springs
made up in this case of a trio of diﬀerent metals that expand and contract
at diﬀering rates, precisely tailored to rotate as required.
Figure 1.5: Picture of the Rosetta thermal louvers. Copyright ESA-A. Le
Floc'h
Another great example of smart engineering solutions is the BepiColombo
Mercury Planetary Orbiter (MPO) TCS. In fact it will challenging harsh
thermal environment while in orbit around Mercury. Not only will it be
strongly illuminated by the Sun, it will also orbit closer to its host planet
than previous spacecraft and will therefore experience much higher levels of
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infrared radiation on its nadir-pointing panel. To cope with these demands,
the MPO is ﬁtted with two sets of multi-layer thermal insulation blankets,
while it is equipped with a very large radiator to transfer the heat generated
by its internal systems to deep space. Heat from the electronics units inside
the spacecraft is carried to the radiator by 93 heat pipes, the majority of
which are embedded in the internal structural panels. The radiator takes
up one entire panel of the spacecraft. It is protected from infrared radiation
coming from Mercury by polished titanium louvers that reﬂect the incident
radiation into space. The louvers will reach a temperature of around 680K,
while the radiator will operate at 330K.
Figure 1.6: Picture of the MPO radiator. Credit: ESA
A diﬀerent solution has been approached the NASA MESSENGER mis-
sion, a probe that orbited the planet Mercury between 2011 and 2015. While
orbiting Mercury, MESSENGER will feel signiﬁcantly hotter than spacecraft
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that orbit Earth, because the Sun shines up to 11 times brighter at Mer-
cury than we see from our own planet. MESSENGER ﬁrst line of thermal
defense is a heat-resistant and highly reﬂective sunshade[8], ﬁxed on a tita-
nium frame to the front of the spacecraft, as it is possible to see in ﬁgure
1.7. Measuring about 2.5 meters tall and 2 meters across, the thin shade
has front and back layers of Nextel ceramic cloth surrounding several inner
layers of Kapton plastic insulation. While temperatures on the front of the
shade could reach 640 K when Mercury is closest to the Sun, behind it the
spacecraft will operate at room temperature, around 290 K. Multilayered
insulation covers most of the spacecraft. Radiators and one-way heat pipes
are installed to carry heat away from the spacecraft body, and the orbit
is designed to limit the spacecraft exposure to heat re-radiating from the
surface of Mercury. The combination of the sunshade, thermal blanketing
and heat-radiation system allows the spacecraft to operate without special
high-temperature electronics.
Figure 1.7: Drawing of the MESSENGER probe. Credit: NASA
Nevertheless, even in the space qualiﬁed state-of-art strategies, it is pos-
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sible to identify a lack in the radiators methods of control: in fact does
not exist a device which permits a simple, low-power control that is also
strongly-manageable by the designer, preferably through a command. In
this framework, the next chapters will present a new concept of heat radia-
tor, which is named multi-plate and has been designed in order to ﬁll that
gap.
Chapter 2
Multi plate radiator
2.1 POLARIS Experiment
The mission of POLARIS[13] experiment was to demonstrate the feasibility
of a new concept of heat radiator, which allows active thermal control through
an innovative working principle based on a geometry change. Moreover, even
if this radiator concept could work with any kind of linear actuation, it has
been decided to use dielectric elastomers actuators, due to their advantages
in a space environment (such as a very low power consumption and a great
reliability) and in order to make the experiment more interesting and chal-
lenging; however this detail of the experiment will be overlooked in this essay
in order to better analyze the radiator itself.
The three plates that compose this radiator are the most important part
of the experiment. They provide an innovative way to exchange heat from
the inner box to the external environment; they are squared, metallic and,
in order to achieve the best thermal conductivity, with a surface as ﬂat as
possible. Moreover, due to inevitable surfaces imperfections, thin thermal
conductive pads are interposed between the plates. The three plates are
independent each other, and in order to allow a correct functioning of the
radiator they have one controlled degree of freedom: the second and the third
15
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Figure 2.1: Drawing of the experiment setup
plate are constrained to a system of non-conductive rods and, through the
pushing of these rods, plates can be moved (only the ﬁrst plate is ﬁxed to
the structure).
Basically, the three parallel metallic plates are linked together and con-
strained so that an actuation system (composed by DE actuators, pre-compressed
springs and a linear actuator) can separate them or put them in good thermal
contact. In order to simulate the heat generation of a real payload, multiple
power resistors are connected behind the ﬁrst plate of the radiator to act as
a Dummy Payload (DP).
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Figure 2.2: Detail of the actuation mechanism
It is possible to identify three diﬀerent conﬁgurations (called hereafter
states) with this particular setup:
• State 1 The three plates are in contact. When the DE actuators are
used, the springs interposed between the actuators heads and the linear
bearings ensure the adequate pressure between the plates and this can
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ensure a good conductive path in order to make them work almost as
a single plate. However, when the electric linear actuator is used, it
is responsible of the pressure applied to the plates since it moves the
baseplate where the DE actuators are mounted on. In this state, the
internally generated heat is transferred through the plates mainly by
conduction and then radiated to the environment by the external plate.
This condition is favorable to the heat exchange.
• State 2 The ﬁrst and the mid plate are no longer in contact. In
this conﬁguration only the mid and the external plate are in contact.
Therefore, between the ﬁrst and mid plate there is a radiative link (the
thermal resistance increases), while between the mid and the external
plate remains the conductive link. The heat exchange is lowered com-
pared with the previous conﬁguration. This state has not been tested
extensively as the other two, since the pressure between the external
and the median plate is much lower than in state one and is less con-
trollable.
• State 3 In this conﬁguration the external plate is separated from the
mid plate. Between the two gaps obtained through the three plates
separation there is a radiative link and the heat exchange reaches its
minimum value. To achieve this state the DE actuators have to extend
or the linear actuator have to shorten; the mechanism is showed in
ﬁgures 2.1 and 2.2.
The actuations are controlled by the on-board Single Board Computer
(SBC) that, thanks to the copious number of sensors that constantly monitor
POLARIS, is able to automatically alternate between states. The switch
between these three conditions allows to vary the system equivalent thermal
resistance; therefore it is possible to control the heat dissipated toward the
environment. Moreover, since it is very diﬃcult to measure the exact amount
of heat dissipated by the whole electronics system, the radiator will exchange
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only the heat generated by a power resistor, which act as a DP as described
before.
In such a context, the experiment setup consists in a box divided (con-
ceptually and physically) in two diﬀerent parts:
Figure 2.3: Focus on the experiment parts
1. POLARIS Radiator It contains most of the sensors, the DP and
the three radiator plates (whose last is exposed to the environment);
the plates and the DP are thermally insulated from the rest of the
experiment. Also, it contains both the polymeric actuation system and
the backup one (a Firgelli R© L12 electrical linear actuator).
2. Electronic System It contains the SBC, the data acquisition devices,
the Printed Circuit Boards (PCBs) and the power supply system. Its
main goal is to monitor the temperature sensors that are placed on the
whole experiment (especially in the POLARIS radiator) and are ex-
tremely important in order to characterize the radiator performances.
These sensors are also needed in order to estimate the dummy pay-
load temperature during the various phases predicted during the strato-
spheric ﬂight. Temperature sensors are also mounted on many other
components in order to verify that each one operates in its temperature
range. With these data the SBC determines if it is necessary to power
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on the experiment internal heaters. Temperature and pressure sensors
also characterize the outer environment during all the ﬂight phases.
Optical interrupters are placed on the experiment front face in order to
check the eﬀective plates separation and two radiometers (pyranometer
and pirgeometer) collect data about the IR-Visible incoming radiation
(and the resulting thermal loads) during the whole ﬂight. The data
sampling, the data storage and the transmission to the ground station
is managed by the on board SBC.
Figure 2.4: Picture of the experiment setup
For a more accurate description of the POLARIS experiment please refer
to the Student Experiment Documentation (SED [13]) drafted during the
BEXUS programme.
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2.2 Theoretical background
A theoretical background is depicted here[1]; in fact many equations are
needed to explain the behavior of a multi-plate radiator, as schematized in
ﬁgure 2.5. The heat exchange from the external plate to the environment
can be assimilated to the radiative heat exchange; thus it will be considered:
• G = Irradiation: the total radiative speciﬁc ﬂux reaching the surface
• B = Radiance: the total radiative speciﬁc ﬂux (inclusive of the ﬂux
emitted and the reﬂected fraction of the incoming one)
• E = The global black-body emission value at a given temperature
According to these deﬁnitions and considering A the interested area, it is
possible to write equations 2.1 and 2.2.
B = εE + (1− ε)G (2.1)
q = A · (G−B) (2.2)
Considering two plane parallel plates exchanging ﬂux one to each other,
the total radiative power is 2.3. Moreover, in radiative heat transfer, we
consider the conﬁguration factor CFA→B as the proportion of radiation which
leaves surface A and reaches surface B .
q1−2 = B1 · A1 · CF1−2 −B2 · A2 · CF2−1 (2.3)
Assuming that A1 ·CF1−2 = A2 ·CF2−1, the equation 2.2 can be re written
as follows:
q1−2 =
B1 −B2
1/A1·CF1−2
=
B1 −B2
1/A2·CF2−1
(2.4)
Then, considering the equations 2.1 to 2.4, it is possible to write the 2.5.
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q1−2 =
E1 − E2
1−ε1/ε1A1 − 1/A1CF1−2 + 1−ε2/ε2A2
(2.5)
Now, assuming CF1−2 = CF2−1 = 1 and A1 = A2 = A it is possible to
obtain the equation describing the ﬂux between one plate to another:
q =
A · σ · (T 41 − T 42 )
1/ε1 +
1/ε2 − 1
(2.6)
Where ε is the plate emissivity and σ is the Stefan-Boltzmann constant.
The value of the CFint→ext between the two directly opposed plates is set with
good approximation to 1[6]. If an opaque screen s is interposed in between
the two plates, at the equilibrium, it will reach the temperature Ts needed
to match the ﬂuxes in equation 2.7 and 2.8. This is the concept behind the
multi plate radiator, and will be fundamental to understand how POLARIS
works1.
2
1 s
Spacecraft
Figure 2.5: Schematic of the multi plate conﬁguration
q1−s =
A · σ · (T 41 − T 4s )
1/ε1 +
1/εs − 1
(2.7)
1What is POLARIS and how it works is explained in section 2.1
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q2−s =
A · σ · (T 4s − T 42 )
1/εs +
1/ε2 − 1
(2.8)
Assuming ε1 = ε2 = ε it is possible to obtain the equations:
T 4s =
1
2
(T 41 + T
4
2 ) (2.9)
q =
1
2
A · σ · (T 41 − T 42 )
2/ε − 1 (2.10)
Comparing the latter with the same equation obtained without the screen
it is possible to see that the ﬂux is halved. Moreover, it is possible to extend
the equation for diﬀerent number m of screens:
( q
A
)
with
screens
=
1
m+ 1
( q
A
)
without
screens
(2.11)
From this equation is possible to understand the working principle behind
the POLARIS radiator concept: the tightened plates conﬁguration could be
assumed as a single plate emission, instead the separated plates conﬁguration
could be assumed as a single plate emission with m screens. More in detail,
in the tightened plates conﬁguration the plates are in contact and there
is a conductive link between them; this drives to a lower equivalent thermal
resistance that maximize the heat exchange. In the open conﬁguration plates
are no more in contact and there is a radiative link between them; this leads
to a higher equivalent thermal resistance that minimize the heat exchange.
Thus, switching between these two conﬁgurations is possible to modulate the
heat exchange.
In the simulations described in section 2.3, it is possible to calculate the
radiator resistance in state 1 as the sum of the plate resistance Rplate and the
gap ﬁller resistance Rpad:
Rclose = n ·Rplate + (n− 1) ·Rpad (2.12)
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Where n is the variable number of plates. Therefore, with Tint the tem-
perature on the internal face of the ﬁrst plate and Text the temperature on
the external face of the last plate, the ﬂux is:
qclose =
Aplate · (Tint − Text)
Rclose
(2.13)
To better understand the radiators performances in state 3, it is possi-
ble to calculate an average equivalent thermal resistance. This one varies
depending on the two radiating plates' absolute temperatures and involves
an approximation related to the ∆T between the plates themselves. As
explained before, the heat exchange between one plate to another in open
condition can be assumed as:
qopen =
4 · Aplate · σ · (T 41 − T 42 )
1/ε1 +
1/ε2 − 1
(2.14)
This equation can be linearised if the temperature T1 and T2 are similar.
In fact, with a few algebraic, it is possible to assume Tm as the arithmetic
mean of T1 and T2 and the formula becomes:
qopen =
4 · Aplate · σ · T 3m · (T1 − T2)
1/ε1 +
1/ε2 − 1
(2.15)
So the equivalent thermal resistance can be assumed as:
Ropen =
1/ε1 +
1/ε2 − 1
4 · σ · T 3m
(2.16)
As it is possible to see, the equivalent thermal resistance is not a given
value, but changes depending on the two radiating plates' absolute tempera-
tures. However, in every useful temperature scenario, it is correct to assume:
Ropen  Rclose (2.17)
In this way, the global ﬂux that passes through the radiator is much
lower than the one in the closed conﬁguration, isolating the payload from
the external environment. Furthermore, the conductive link towards the
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air that lies between the plates has been added in order to ﬁnd the most
eﬃcient plates distance. In fact the optimal plates' open conﬁguration is a
trade oﬀ because increasing the plates' distance will decrease the conductive
ﬂux towards the air, but boosts the radiative one by means of CF change.
On ﬁrst approximation, only the external face of the last plate is ther-
mally connected with the environment and is able to exchange radiative and
convective heat ﬂuxes. It is here neglected any other thermal path toward the
external environment. In order to evaluate environment average conditions,
was initially used the International Standard Atmosphere (ISA)[3] model,
which includes pressure, temperature, density and viscosity at diﬀerent alti-
tudes. However, this model shows many issues when used to extrapolate data
over 20 km (this issue will be clariﬁed later). For this reason, atmospheric
data have been obtained from the previous BEXUS ﬂights, in particular the
BEXUS 9, 10, 11, 16 and 17. The convection heat transfer coeﬃcient α has
been computed through the average Nusselt number NuL supposing a lam-
inar ﬂow over a ﬂat plate. Thus, convective heat ﬂux toward the plate can
be computed as:
q = αAplate (Tamb − Tplate) (2.18)
Net radiative heat ﬂux has been computed as the diﬀerence between the
incoming and the outgoing radiation. Outgoing radiation could be directly
computed with the surface temperature:
q = σ εAT 4plate (2.19)
On the other side, incoming radiation had to be calculated as the sum
of ﬂuxes coming from Sun, Earth and the sky. A random BEXUS gondola
movement, approximated as a periodic rotation around its vertical axis, has
been implemented in order to simulate an intermittent exposure of the ex-
ternal surface to sunlight.
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2.3 Thermal simulation
An accurate thermal numerical simulation has been developed in Matlab R©
environment and is based on the divided diﬀerences method. It is able to
calculate the temperature of the radiator plates and the DP depending on
the internal power load and the external ﬂuxes. Moreover, the simulation
computes both the CF with sky and Earth surface during a simulated BEXUS
ﬂight. The simulation was fundamental to ﬁx the design drivers (plates
dimension and number, DP power consumption, sensors needed, etc.) in
order to build the best possible experiment setup. Some outputs are visible
in the following images, but only few words will be spent, in order to move
up to the experiment real behavior.
Figure 2.6: Example of thermal simulation
In the ﬁgure 2.6 it is possible to see the radiator temperature during the
ﬂight; in fact it is plotted the temperature in K vs the time in s. In this
simulated ﬂight the radiator performed only ﬁve switches between state 1
and state 3. Instead, in ﬁgure 2.7, a more complex ﬂight simulation has been
carried. The latter is more similar to the real ﬂight test, where many diﬀerent
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phases were identiﬁed and diﬀerent tests has been done. In both pictures on
the left side of the diagram it is possible to notice a constant temperature
decreasing: this is the ascending phase, where the experiment take oﬀ from
ground and reaches the operative altitude at 30 km. On the other hand
on the right side there is an equivalent descending phase. The black line
represents the DP temperature, while the green, red and yellow lines are the
average temperatures of the radiator plates, as described in legend.
Figure 2.7: Example of thermal simulation (whole BEXUS ﬂight)
Furthermore, also the temperature distribution over the three plates was
simulated. This has been done in order to justify the number and the position
of temperature sensors on the radiator plates. This made possible a better
evaluation of the experiment performance.
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Figure 2.8: Temperature distribution over radiator plates, simulated
Chapter 3
Laboratory test
3.1 Testing setup
All the tests described in this chapter have been carried out in the CISAS
facilities in Padova. In particular, the vacuum chamber used to simulate the
pressure faced by POLARIS in stratosphere is part of the two-stage light-
gas gun designed for hypervelocity impact experiments. The downside of
this facility is the impossibility to simulate the thermal condition present in
stratosphere; by the way the temperature in the laboratory was controlled
and ﬁxed to approximately 26◦ C (299 K), but more details will be given
with each test result.
The sensors used to monitor the pressure inside the chamber were the ones
assembled in POLARIS. Those are two identical Honeywell TruStability R©
(HSCDANN1.6BAAA5) piezoresistive silicon absolute sensors capable to
read between 0 to 1.6 bar. Those were previously calibrated with another,
way more precise, pressure transducer and have a maximum rated total error
of ±1%. In order to calibrate those pressure sensors it was assumed that
the behavior of the sensing unit was linear, as described by the producer.
Then, input and output points were taken with the calibrated and the non
calibrated units in order to ﬁnd the calibration coeﬃcientsm and c to include
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Figure 3.1: The experiment power supply and the notebook running the
ground-segment software during the test campaign in the CISAS vacuum
chamber
in equation 3.1.
y = m · x+ c (3.1)
Those correlations were implemented in the on-board computer so that
the experiment was able to display and store the right output y as a function
of x during the measurement process; this has been extended to any stimulus
in the desirable range, not only at the points used during the calibration but
anywhere in-between: very rarely sensors contain singularities.
To sense temperatures the choice relapsed on Resistance Temperature
Detectors (RTD). This term is usually pertinent to metal sensors fabricated
in the form of either a wire or a thin ﬁlm. Temperature dependence of re-
sistivity of all metals and most alloys gives an opportunity to use them for
temperature sensing[4]. While virtually all metals can be employed for sens-
ing, platinum is used almost exclusively because of its predictable response,
long-term stability, and durability. The temperature inside and outside the
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experiment is then detected by a couple of class B1 LabFacility Pt100 probes,
capable to measure in the temperature range bwtween −200◦C to +650◦C.
These sensors have the platinum coil inside an alumina ceramic body, making
them sturdier than the Pt100 used on the plates. In fact those are tiny class
A IST MiniSens Pt100 (P0K1.161.6W.Y.010) chosen to precisely measure
the temperature over diﬀerent spots of the radiator plates. Moreover, thank
to their size, they condition at the least the radiator performance. Even if
their operative temperature range is reduced between −90◦C to +300◦C they
have a longer term stability and a much lower response time. All the sensors
outputs are computed in the experiment in order to to take into account
the single sensors properties. The formula 3.2 has been used when sensing
temperatures lower than 0 ◦C, while the 3.3 for the positive temperatures.
The constants A, B, and C are determined by the properties of platinum
used in the construction of the sensor and are given by the manufacturer.
Rt = R0
[
1 + At+Bt2 + Ct3(t− 100)] (3.2)
Rt = R0
[
1 + At+Bt2
]
(3.3)
The temperature is then converted in K in the SBC before any further
calculation. Another approximation has been tried out: the Callendar-van
Dusen (described in equation 3.4).
Rt = R0
{
1 + α
[
1− δ( t
100
)(
t
100
− 1)− β( t
100
)3(
t
100
− 1)
]}
(3.4)
The value of δ is obtained by calibration at a high temperature and β is
obtained at the calibration at a negative temperature. However, the com-
1The European standard, also known as the DIN or IEC standard, is considered the
world-wide standard for Pt100. This standard requires the RTD to have an electrical resis-
tance of 100.00 Ω at 0◦C and a temperature coeﬃcient of resistance (α) of 0.00385 Ω/Ω/◦C
between 0 and 100◦C. Class A sensors have a tolerance of ± (0.10 + 0.0017 · t)◦ C, while
class B sensors have a tolerance of ± (0.30 + 0.0050 · t)◦ C.
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puted temperature was the same, so the two separate approximations 3.3
and 3.2 were maintained.
In order to better understand the real behavior of the radiator, two other
sensors have been recognized essential. In fact it is very diﬃcult to evaluate
precisely the amount of thermal loads coming from the environment and so
two radiometers were placed on the front face of the experiment, just beside
the radiator plates. Those two sensors were built and calibrated in the Delta
OHM laboratories in Padova. This is an accredited calibration laboratory 2
which provided the POLARIS experiment with an LP Pyra03 piranometer
and a LP Pirg01 pyrgeometer, capable of measure respectively the amount
of incoming visible and IR radiation.
Figure 3.2: The experiment in the vacuum chamber
These use a thermopile as sensitive unit, so they belong to a class of PIR
detectors. Their operating principle is the same as that of a thermocouple.
2Delta OHM develops and manufactures instruments for measuring temperature, hu-
midity, pressure, air speed, light, acoustic and vibration, air quality, multifunction in-
struments, data loggers, environmental and water analysis. The calibration Accredia Lat
N◦.124 laboratory of Delta OHM is accredited in metrology for many physical quantities
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A single thermocouple is a low-sensitivity device responding with tens of
microvolts per 1K change. In a thermal-radiation sensor, temperature change
of the sensing element when exposed to the object is very small; thus, a
stronger sensor response is required. This is achieved by increasing a number
of thermocouples that makes a thermopile (piling up). The frame is thermally
coupled with a reference temperature sensor. This is needed in particular for
the piranometer, in order to compute the net irradiation, as described in
equation 3.5. Here E is the radiation stated in W/m2, C is a calibration
factor and Uout is the output signal of the sensor in µV .
E =
Uout
C
+ σ · T 4sensor (3.5)
All the sensors are connected to two Sensoray model 518, capable to
read various analog and digital signals. One of the two Sensoray boards is
dedicated to the radiator temperature measurements, employing 8 class A
Pt100 RTD, connected in 4-wire conﬁguration. Class A RTDs provide 0.33◦C
accuracy at −90◦C while the Sensoray 518 provides 0.2◦C accuracy. Thus,
the worst case overall accuracy is about 0.5◦C.
Figure 3.3: Drawing of the RTDs and the DP disposition over the radiator
plates
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In ﬁgure 3.3 it is shown the RTD disposition over the radiator plates; this
disposition, accordingly to the simulations results (section 2.3), is the most
eﬃcient to observe the temperature gradient of the plates3.
The power consumption of the DP is precisely monitored by a watt-meter,
so it is possible to directly compute the heat load towards the radiator. The
three power resistors that act as DP are plate-mounted 100 ± 0.1% Ω thick
ﬁlm resistors and during most of the test their dissipated power was ∼ 9 W ,
but the precise values will be given with every individual test.
Figure 3.4: Example of the software GUI of the experiment
All the sensors data, once acquired and elaborated by the two Sensorays,
are both stored inside the experiment and sent to an external computer
by the SBC. Through the custom software GUI it is possible not only to
monitor and record all the data coming from the experiment, but also to
switch between the diﬀerent states (as described in section 2.1) and manually
3Due to some issues with the multiplexing board, the number of RTDs utilized to
monitor the temperature gradient over the plates has been decreased to 8 (4 for each
plate). Further information is reported in the SED
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override other automated actions if something goes wrong. In ﬁgure 3.4 it
is shown an example of the software GUI programmed speciﬁcally for the
POLARIS experiment.
3.2 Test results
Hofstadter's Law: It always
takes longer than you expect,
even when you take into account
Hofstadter's Law.
Douglas Hofstadter
A single run of the experiment consist in roughly two and a half hours
of data acquisition, where a single heater (the one acting as DP) was turned
on and the plates were ﬁxed in a determined state. In order to exclude as
many variables as possible, only the equilibrium state was the objective of
those tests. In fact, during the switching operations, a great role is played
by the thermal capacity of the aluminum plates. However, since in future
developments the thickness of the plates will be reduced as much as possible,
this element have been excluded by the calculations.
This leaded to acquire the so-called steady-state condition for each state.
The power dissipated by the DP was constantly monitored and was always
oscillating between 8.96 to 8.98W . An example of the DP temperature proﬁle
can be found in ﬁgure 3.5, please note that the time is shown ten time bigger
due to the 10 Hz data acquisition frequency. Since physically there is not
a real payload, the DP temperature is the temperature sensed by the Pt100
which is nearest to the power resistor that is turned on. Other analysis, such
as the temperature diﬀerence between the internal and the external radiator
plate, will be better examined in section 5.
This measurement does not consider the environment temperature. In
fact, even if the AC unit in the laboratory was always turned on, a small
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Figure 3.5: Example of raw temperature data from three diﬀerent tests
change in room temperature was inevitable. It is, however, possible to nor-
malize the radiator temperature with the ambient one, constantly monitored
by the experiment inside the vacuum chamber. As it is shown in ﬁgure 3.6,
the gaps are much tighter. This passage consist in a simple diﬀerence between
the two temperatures and is a licit transition since we decided to compute
the thermal ﬂuxes only as a function of ∆T , as described in equation 2.15. In
order to compute the equivalent thermal resistance in state 3, the proper Tm
will be considered, so the error will be negligible (as little as 0.1%). More-
over, in ﬁgure 3.6 is more emphasized the diﬀerence between the ﬁrst run
and the third run; in fact during the ﬁrst run the radiator was in state 3,
while in the second and the third it was in state 1.
In ﬁgure 3.7 data of multiple measurements are computed and only an
average value is showed (normalized as described before). This is the most
explanatory result, in fact it is possible to appreciate the diﬀerence between
the radiator in state 1 (which behavior is drawn in green) and in state 3 (in
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Figure 3.6: Normalized temperature data from three diﬀerent tests
red). At ﬁrst glance it is noticeable that in the closed plates conﬁguration the
DP temperature is 10.89 K higher than the ambient one, while during the
open plates test it is 16.65 K higher; further considerations on this will be
made in section 5. The disturbances on the plot are due to the little change
in temperature caused by the decompression of the vacuum chamber. In fact
the chamber is not perfectly airtight and the user have to manually turn on
the pump to decrease the pressure when it is too high. While the pump
is pulling out air the remaining gas in the chamber withstand an adiabatic
expansion, thus lowering the gas temperature. Therefore the pressure was
manually controlled and constrained between 50 to 150 mbar; it has been
ascertained that, when the pressure exceed 200 − 220 mbar, the convective
ﬂuxes are predominant over the radiative ones and the temperature of the
radiator plates, in the third state, rapidly evens out. Further studies on the
thermal properties of the air at low pressure are needed, but it is not the
38 CHAPTER 3. LABORATORY TEST
Figure 3.7: Average temperature values
subject of this essay 4. The temperature never reaches a stationary value:
this is due to the conductivity of the structure. Indeed, even if the experiment
was built in order to minimize the parasitic heat transfers, few remains (it is
impossible to reach an inﬁnite resistance).
The maximum temperature diﬀerence within a single plate sensed by the
RTDs occurs on the external plate and the diﬀerence is +3.48 K, as it is
possible to see in ﬁgure 3.8. This means that the temperature on the center
of the plate is more than 3 K higher than the one in the corner in certain
situation. This happen when the radiator is in state 3 and thus the plates
are not in contact. The temperature of the ﬁrst plate is roughly uniform and
the negative values showed in the plot are senseless since the power resistor is
approximately in the center and there the maximum temperature is foreseen.
By the way the minimum value is −0.27K and is lower than the uncertainty
4Even the state-of-the-art models used in the simulation to compute the convective
heat transfer coeﬃcient revealed to be incorrect in the tested conditions.
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of the measuring chain; this diﬀerence is so attributed to errors and not to a
physical phenomenon.
Figure 3.8: Temperature gradient over the radiator plates
The IR radiation aﬀecting the external plate of the radiator remained
between 440 to 450 W/m2. On the other hand the visible radiation never
exceeded 2 W/m2 and thus will be excluded from the calculations. This
radiation comes from the little windows on the vacuum chamber, since no
other lights were pointed to the experiment during the test campaign.
These data will be later utilized in order to better understand the real
potentialities of this concept of heat radiator (in chapter 5).
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Figure 3.9: Incoming IR radiation
Chapter 4
Stratospheric ﬂight
4.1 Flight data
In this section all the data acquired during a stratospheric ﬂight will be
presented. Given ﬂight took place in the BEXUS programme framework.
Figure 4.1: Picture of the POLARIS experiment during the ﬂight
The REXUS/BEXUS programme allows students from universities and
higher education colleges across Europe to carry out scientiﬁc and techno-
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logical experiments on research rockets and balloons. Each year, two rockets
and two balloons are launched, carrying up to 20 experiments designed and
built by student teams. The programme is realised under a bilateral Agency
Agreement between the German Aerospace Center (DLR) and the Swedish
National Space Board (SNSB). The Swedish share of the payload has been
made available to students from other European countries through a collab-
oration with the European Space Agency (ESA). Experts from DLR, SSC,
ZARM and ESA provide technical support to the student teams throughout
the project. REXUS and BEXUS are launched from SSC, Esrange Space
Center in Kiruna, northern Sweden.
POLARIS Experiment ﬂew on-board the BEXUS18 Balloon in October
2014.
Some of the following data were provided by the EBASS[11], which is the
service unit on the BEXUS balloon. This include pressure and temperature
sensors, power delivery control, communication system, GPS receiver etc. It
is visible in between the between of the gondola1 and the balloon itself, just
under the parachute.
4.1.1 Pressure and altitude
The ﬁrst useful information needed to study the behavior of the experiment
comes from the pressure sensors. In ﬁgure 4.2 it is possible to see the compar-
ison between the POLARIS measured pressure and the one of the EBASS.
As it is possible to see in ﬁgure 4.2, the sensors were well calibrated in
the CISAS vacuum chamber. POLARIS pressure sensors worked pretty well
even in these low pressure environment, where a Pirani2 is usually preferred
1the gondola is the cage under the BEXUS balloon where the experiments are mounted
in.
2Pirani vacuum gauge is a sensor that measures pressure through thermal conductivity
of gas. It is one of the oldest vacuum sensors. The simplest version of the gauge contains
a heated plate. The measurement is done by detecting the amount of heat loss from the
plate that depends on the gas pressure.
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Figure 4.2: Pressure during the ﬂight
to a piezoresistive one. The accuracy of the ADC is far lower than the sensor
accuracy, while larger diﬀerences are due to a wrong calibration. These data
have been used to estimate the altitude with the US Standard Atmosphere
model[10]. No other sensors (i.e. GPS) were used to estimate the right
altitude because it wasn't a strictly requirement: the main purpose was to
inform the software of the beginning of the ﬂoating phase in order to start
the phases even if all the communications were compromised.
The ﬂoating altitude reached was 27300 m (as shown in the GPS data
provided by the EBASS in ﬁgure 4.3), whit a mean environment pressure
lower than 20 mbar, well enough to simulate a possible environment for the
POLARIS radiator in future applications. The main objective was to avoid a
relevant contribution of the convective heat exchange and from this viewpoint
it has been a success.
4.1.2 Environment temperatures
The environment temperature proﬁle encountered during the whole mission
was similar to the one predicted and the experiment proved to be well de-
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Figure 4.3: Altitude during the ﬂight
signed to use few (if none at all) power to heat itself during the ﬂoating
phase. The external temperature was measured with a Pt100 class B probe
located in the front face of the experiment. It was known that this probe was
in contact with the carbon ﬁbre panel, inﬂuencing the temperature reading:
in fact, as the sun light hit this surface, it raise the surface temperature and
the probe measurement was so inﬂuenced. By the way, instead of change the
design of the experiment setup in order to get a more accurate value of the
outer temperature, it was decided to rely on the given EBASS temperature
in order to make further calculations. As it is possible to see in ﬁgure 4.4 the
lowest temperature reached during the ﬂight was 215.5K (−57.6◦C).
During the whole ﬂight the internal temperature remained within the
required values and for most of the mission time the internal heaters remained
turned oﬀ. In fact, the software turned them on only on the launch pad in
order to be prepared to face the most extreme condition; by the way, during
the ﬂight, the insulating composite panels and the heat wasted from the
internal electronics were just enough to maintain the temperature inside the
experiment between 284 and 293 K. This guaranteed that every subsystem
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Figure 4.4: Ambient temperature during the ﬂight
worked within the recommended temperature range.
4.1.3 Incoming Radiation
Within the front face of the experiment two radiometers were provided, as
described in section 3.1. The ﬁrst one is a pyranometer (DeltaOhm LP
Pyra03) and is mounted to measure the incoming visible radiation, while the
other one is a pirgeometer (DeltaOhm LP Pirg01), the most reliable sensor
to measure the incoming IR radiation. Both the instruments were previously
calibrated and compensated in temperature. The exact value of the incoming
radiation is in fact crucial to estimate the correct heat ﬂuxes on the radiator
plates: those two radiometers are capable of guarantee measurements with
an accuracy of ±2% for a given FOV of 2pi sr.
Moreover, in ﬁgure 4.6, it is possible to see how the presence of the
atmosphere and the surrounding objects inﬂuenced the IR radiation readout.
In fact, when the gondola was on the ground the incoming IR radiation
measured was ∼ 300W/m2, while in ﬂoating was as low as 170− 200W/m2.
Finally, another important value that we can extrapolate from these sen-
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Figure 4.5: Incoming visible and IR radiation during the ﬂight
Figure 4.6: Incoming visible radiation during the ascending phase
sors is the period of the gondola rotation. In order to do so the data were
windowed, as shown in ﬁgure 4.7. This has been done in order to distinguish
the two most valuable parts: the ﬁrst window, in blue, represents the as-
cending phase, while the red one comprehends the ﬂoating phase. The green
window has been considered in order to have another detailed esteem of the
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rotation frequencies.
Figure 4.7: Windows used for the FFT
During both the ascending and ﬂoating phase of the mission the system
disclosed a ﬁrst clear oscillation at 9.9 · 10−4 Hz, which was the BEXUS
rotating period of 16 minutes and 50 seconds. This is visible in ﬁgure 4.8 and
was one of the unpredicted conditions that aroused to the high temperatures
registered on the external plate. No other signiﬁcant periods were found,
except for the 1 minute and 46 seconds (9.4 · 10−3 Hz) in the green window.
This means that all the other ﬂuctuation were mostly random and caused by
other pitch and yaw rotations of the gondola respect to the sun.
However, the ﬂoating phase is far more stable than the ascending one as
can be seen in ﬁgure 4.8, where the ﬂoating phase is represented by the red
line while the blue line, the one extrapolated during ascending, shows more
noise. The most important data were recorded during the red (ﬂoating)
phase: here the experiment had about 25 minutes of constant light and 21
minutes of darkness.
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Figure 4.8: FFT results
4.2 Experiment behavior in stratosphere
The duration of the BEXUS18 ﬂight has been considerably shorter than the
optimal ﬂight time requested for the experiment. Thus, it is diﬃcult to eval-
uate the POLARIS radiator performances directly from the ﬂight data. A
qualitative value of the radiator performances is the ratio R between the
equivalent thermal resistance of the radiator in its two conﬁgurations (sep-
arated plates and tightened plates). The equivalent thermal resistance of
the two conﬁgurations has been estimated approximating the transient be-
haviour of the temperature diﬀerence between the internal and the external
plates with an exponential equation as shown in 4.1
Tt = T0 + ∆T · (1− e−t/τ ) (4.1)
Where Tt represents the temperature diﬀerence at time t, T0 represents
the temperature diﬀerence before the actuation, ∆T represents the tempera-
ture diﬀerence between the two radiator conﬁgurations and τ represents the
characteristic constant of the process. The characteristic constant is pro-
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portional to the product of thermal resistance and the thermal capacity of
the system. Since the thermal capacity of system is the same in the two
conﬁgurations, the ratio R between the equivalent thermal resistances can
be computed also as the ratio between the characteristic constants of the
opening and closing processes of the radiator plates.
R =
Rseparatedeq
Rtightenedeq
=
τ opening
τ closing
(4.2)
The procedure shown in equation 4.2 has been applied with the most
favourable data gathered during the ﬂight, while the experiment was not
pointing towards the sun and all the incoming thermal ﬂuxes were approx-
imately constant. In this situation the estimated ratio R assumed a value
between 1.88 and 2.03. Due to the unexpected environmental conditions
encountered during the ﬂight and the short mission duration, it has been
diﬃcult to estimate quantitatively the performances of the POLARIS radia-
tor, especially in terms of the ratio between the diﬀerent equivalent thermal
resistances of the radiator conﬁgurations.
It is possible to give a qualitative analysis of the radiator performances
and the ﬁgure 4.9 is particularly helpful regarding this topic. The graph
shows the real temperature of the dummy payload connected to the radiator
together with the estimated temperature of the dummy payload connected
to a standard single plate radiator (same material and emissivity of the last
plate of POLARIS), in a particular moment of the ﬂight. In order to present
a more complete set of information about the radiator, other parameters
were added to the diagram: on one hand, the environmental conditions are
considered highlighting sunlight exposure and shadow with diﬀerent colors
(respectively yellow and blue); on the other hand, the open/closed conﬁgu-
rations are showed using a black line (low is state 1 with closed plates, high
is state 3 with open plates).
Considering the diﬀerent parts of ﬁgure 4.9, it shows that POLARIS
worked as expected:
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Figure 4.9: POLARIS vs a classic radiator
Left part (before 2.05·104s) Sunlight Exposure, the three plates are initially
in contact. It is evident that the two radiators create the same eﬀect on
the payload temperature; this is an important result, because it shows
how the three plates in contact could be assimilated to a single plate.
Rectangle A Shadow Exposure and consequent cold conditions, the three
plates were opened two times. It is evident how the opening of the
plates strongly increases the payload temperature in respect with the
standard radiator.
Rectancle B Sunlight Exposure and consequent hot conditions, the three
plates are opened. It is evident how the opening of the plates strongly
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insulates the payload in respect with the standard radiator.
In conclusion, the ﬂight conditions were not the best to perform a quan-
titative test on the radiator performance, but they were a great test bench
for the whole system because of the extreme diﬀerent conditions faced by the
experiment. This encouraging results conﬁrm that the radiator does exactly
what it was designed for.
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Chapter 5
Performance Analysis
In section 3.1 a hint of the radiator performances was given, but in this
chapter it will be better examined. It is, however, useful in this context
analyze the data collected during the ﬂight before any further considerations
on the laboratory tests.
Moreover, it is important to detail how the contact thermal resistance
between the radiator plates has been computed. In fact, to ensure a good
thermal link between the metallic plates, a thermal pad was applied (for
reference the LAIRD Tpli 210 FG A0 thermally conductive gap ﬁller). Some
of the most interesting things about this pad are:
• Good thermal conductivity
• Shock and vibration absorber
• Low outgassing
• Wide working temperature
In particular, the thermal impedance as function of the contact pressure
and the values are stated by the manufactured. A great characteristic of
this thermal pad is that it shows only a little resistance diﬀerence due to the
contact pressure, permitting to work with forces much smaller than those
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required by a purely metallic contact. The only force that keeped the plates
together during all these tests was a Firgelli L12 linear actuator that pulls
the external plate toward the internal one, trailing accordingly the plate
in between. This actuator is capable to apply to the radiator 45 N so,
since the contact area between the plates and the thermal pads is 0.04 m2,
the pressure in between in 1125 Pa. This is much lower than the optimal
pressure required by such devices (stated at around 100 kPa), but enough
to guarantee a thermal conductivity of 6 W/m·K
5.1 Flight analysis
When you ﬂy a balloon you
don't ﬁle a ﬂight plan; you go
where the wind goes. You feel
like part of the air. You almost
feel like part of eternity, and you
just ﬂoat along.
Jeannette Piccard
It is diﬃcult to perform a good characterization of the radiator from given
data, since the conditions faced by the experiment during the ﬂight were very
variable and the experiment did not have enough time to coll down to a steady
temperature. Only a precise time span, at about two hours and a half after
takeoﬀ, was ideal to the experiment, and it is the one showed in ﬁgure 5.1.
Please note that in this ﬁgure the temperatures are normalized as described
in section 3.2.
The experiment was in stratosphere at an altitude of 27.2 km and the am-
bient pressure was 15 mbar. During this time the experiment was not facing
the Sun (it seems that neither the albedo was perceivable, thus the visible
radiation incoming was ∼ 0 W/m2), the IR incoming radiation had a steady
value of GIR = 192 W/m
2 and the external temperature was stationary at
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265 K. The measured heat ﬂuxes that directly conditioned the radiator are
illustrated in ﬁgure 5.2. Only one of the three power resistors was turned
on and the power dissipated towards the radiator was 7.4 W . Since the re-
sistance of the power resistor is 100 Ω and it is directly connected to the
BEXUS batteries, it is possible to calculate the voltage drop of the batteries
with equation 5.1, where P is the power dissipated and R is the resistance
value. Vdrop is the voltage drop in the power MOSFET that control each
resistor, and it is stated at 0.8 V .
V =
√
P ·R + Vdrop (5.1)
It is, therefore, easy to calculate that the voltage supplied by the batteries
was perfectly 28 V , as guaranteed by the SSC staﬀ. This assured that every
electronic subsystem worked as designed.
Figure 5.1: POLARIS actuations during the stratospheric ﬂight
Since the external plate of the radiator have an active area of 20× 20 cm
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(0.04 m2) and a absorption coeﬃcient ε = 0.9751 the total heat exchanged is
described in equations 5.2 and 5.3, where GIR is the IR radiative speciﬁc ﬂux
and the other variables have been introduced yet. The convective heat ﬂux
was negligible, for a more accurate explanation please refer to the SED[13].
q = [σ · ε · A · T 4external plate]− [A · ε ·GIR] (5.2)
q = 2.211× 109 · T 4external plate − 7.488 [W ] (5.3)
Figure 5.2: Direct heat ﬂuxes applied to the radiator
It is now possible to divide in 4 diﬀerent sections this time window, as is
visually noticeable in ﬁgure 5.1 where the ∼ 10 minutes window is focused.
Section 1 During this phase the radiator was in state 3 (so the plates were
separated one from each other) and it is evident how the radiator was
1The coating applied on the external plate of the radiator is a NEXTEL R© Velvet
Coating 811-21 by Mankiewicz. It has a stable emissivity over a wide temperature range
[9].
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able to isolate the payload from the outer environment. In fact, while
the DP temperature decreased by only 0.6 K, the external plate tem-
perature dropped 6.8 K in three minutes. With the equation 2.14 it
is possible to evaluate the ﬂux between the plates and it increase from
0.9 to 1.76 W (the evolution in time is shown in ﬁgure 5.3). The heat
ﬂux within the radiator almost doubled in only three minutes; by the
way it is possible to calculate the equivalent thermal resistance Ropen
according to equation 5.4 (passages are those described for equation
2.16). In this window the average radiator temperature is 281.87K and
the emissivity of the plates is set to 0.22.
Ropen =
1/ε1 +
1/ε2 − 1
4 · σ · T 3m
(5.4)
Figure 5.3: Heat ﬂux within the radiator
2The emissivity ε of a bare aluminum plate is slightly lower than this value, but, since
the thermal pad (a Laird Technologies TpliTM) 210 has a stated emissivity of 0.22, an
average value has been used[13]
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Thus, the computed speciﬁc thermal resistance factor is 1.77 m
2·K/W .
Therefore POLARIS was able to isolate the DP from the environment,
dissipating less than 2 W in view of the 7.4 W produced. Since the heat
dissipated through the plates was much lower than the heat produced
by the DP and its temperature was not increasing, it is evident that
other thermal paths were established. This phenomena is more evident
in the stratospheric ﬂight, respect to the laboratory test in section 3.2,
since the temperature diﬀerence between the radiator and the ambient
and, thus, the structure, is higher. In fact, while in the laboratory the
DP temperature was only ∼ 10 to 15 K higher than the surroundings,
during the ﬂight the diﬀerence reached a ∆T = 40 K, making relevant
the parasitic heat ﬂuxes
Figure 5.4: Heat ﬂux within the radiator
Section 2 The radiator here switched to state 1 and, as soon as the plates
got in contact, temperatures began to mediate. The DP rapidly cooled
down and the thermal resistance, now calculated with equation 2.12, is
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0.88 m
2·K/W , which is halved respect to the previous state. In ﬁgure 5.1
it is illustrated, with a darker red line, the simulated behavior of the
radiator if it had enough time to reach a stable temperature. The curve
is a ﬁt of the measured evolution, made accordingly to an exponential
trend, similar to an electrical RC discharge circuit 5.5.
V (t) = V0 · e−t/RC (5.5)
The steady state temperature diﬀerence between this and the ﬁrst sec-
tion is 5K and it compatible with the data shown in ﬁgure 3.6. However
this is a totally diﬀerent situation since the starting temperatures of
the three plates were very diﬀerent and further comparisons would be
useless. In less than 50 s the DP temperature decreased of 4K while
the third plate gained 3.5 K. The heat exchanged between the plates is
showed in ﬁgure 5.4, and it is applicable the same consideration made
for the parasitic heat ﬂuxes in section 1.
Section 3 The radiator separated one more time the plates and the DP
stabilized again its temperature. Even if the radiator was designed
to increase the DP temperature and not to stabilize it, the boundary
conditions were not favorable to this to happen. With hindsight two
design drivers were to change: the power dissipated by the DP could
have been higher (and it was possible simply by turning on another
power resistor, but it was too risky for the mission to change a main
factor during the ﬂight) or, better, the active area of the radiator could
have been smaller. It is interesting to notice that, while it takes more
than two minutes for the state 1 to become stable, it only takes 20−30s
for the state 3 (this is mainly caused by the thermal capacity of the
plates).
Section 4 This is the last useful time window before the sunlit period, where
the incoming visible radiation was overwhelming respect to the other
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ﬂuxes (the higher speciﬁc ﬂux reached 1288 W/m2); in fact, in ﬁgure
5.2, it is possible to notice on the right side of the diagram that the
incoming visible started to increase. All the considerations made for
section 2 are here validated.
At the conclusion of this analysis the most important thing to highlight
is the ability of the radiator to double its resistance when needed, even if
the boundary conditions were not ideal to the test. During the ﬂight much
more have been tested, but it is not pertinent to this essay. A longer ﬂight
may have helped, together with a better design in order to avoid parasitic
heat ﬂuxes. In fact, balancing the ﬂuxes at the beginning of section 1 it is
possible to realize that a lot of heat is wasted through the structure of the
experiment setup. In equation 5.6 is computed the heat ﬂux qinternal plate that
reach the ﬁrst plate and, with few algebraic, it is q = 7.4 − 0.9 = 6.5 W .
Since the temperature of the ﬁrst plate did not show a remarkable increase
in its temperature, it is assumed that all of this heat is dissipated through
the structure.
qinternal plate = qDP −
4 · Aplate · σ · (T 4internal plate − T 4external plate)
2/ε − 1 (5.6)
This occurrence is unsatisfactory to the data analysis, but improves in
the test campaign results described from now on.
5.2 Test analysis
In order to avoid the issues faced during the ﬂight in stratosphere men-
tioned above, during the test in the laboratory the radiator temperature was
maintained as near as possible to the ambient one. So, only a single power
resistor (which was dissipating 8.97 W ) was turned on and all the external
ﬂuxes that reach the external plate were avoided when possible. Inside the
vacuum chamber, in fact, there are three LED lamps, which were used in
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previous tests, but were turned oﬀ during these ones. Thus, only the stable
IR radiating ﬂux was conditioning the radiator, which average speciﬁc value
was 445 W/m2, that correspond to a net ﬂux of 17.36 W on the external
plate.
In ﬁgure 3.7 the average pace of the DP temperature have been described,
but now it is useful to add also the average external plate temperature as
depicted in ﬁgure 5.5. This is essential to calculate the heat ﬂux exchanged
within the radiator plates.
Figure 5.5: Average DP and external plate temperature values
The recorded data of the two diﬀerent states are shown in ﬁgure 5.5,
in which the solid line represents the DP temperature and the dotted one
represents the external plate one. It is immediately noticeable that the tem-
perature gap is much bigger while in state 3, as predicted. In particular,
while in state 1 the temperature gap is 1.9 K, in state 3 it is 12.7 K: this is
due to the diﬀerent thermal resistance of the POLARIS radiator and will be
here quantiﬁed.
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The thermal resistance in the closed plates condition is the one already
described in section 5.1,: since that the only factors that inﬂuence it are
those inherent to the radiator itself, it does not change between the various
test campaigns. Hence, since no changes have been made to the radiator be-
tween the ﬂight and the laboratory tests, the reference value for the thermal
resistance is still 0.88 m
2·K/W . Computing all the heat ﬂuxes from the given
data at the steady state condition disclose that ∼ 2 W are wasted through
the structure, which is a third than the value dissipated during the ﬂight.
The thermal resistance in state 3 is 1.34 m
2·K/W , computed with equation
5.4. It is lower than the one calculated with the ﬂight data, since the aver-
age temperature of the radiator is higher, facilitating the radiative heat ﬂux
between the radiator plates. By the way, this value can dramatically change
in other environment: in example, a similar radiator mounted on an atmo-
spheric probe ﬂying on Mars, should be able to show a resistance in state
3 as high as 2.5 − 3 m2·K/W . This is due to the low ambient temperature
and is function of the mean temperature of the radiator, so also the required
temperature for the payload is a driving factor for the calculations.
The switch between state 1 and state 3 increase the DP temperature of
5.9 K, which is a +54% increase in temperature - a lot considering that
the radiator is overstated for such a heat load. In other words it is able to
precisely control (via a PWPFM software) the DP temperature in a 6 K
range.
Another important fact to consider is that the time required by the DP
to cool down is much shorter than the one required to heat up. Thanks to
the good heat capacity of the aluminum plates it only takes two minutes to
drop the temperature from 16.7 to 10.8 K (above ambient temperature). In
ﬁgure 5.6 it is better displayed how the radiator, switching from state 3 to
state 2 and than to state 1, was able to rapidly decrease the temperature of
the DP during a test in the vaacuum chamber.
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Figure 5.6: Average DP and external plate temperature values
5.3 Performance of the setup
POLARIS radiator was designed to increase its resistance three times during
a stratospheric ﬂight, by the way it only managed to doubled it since the short
ﬂight time did not allow to reach a steady low temperature and the incoming
visible radiation was so strong that the external plate reached a very high
temperature (over 360 K) in certain moments, making such recorded data
useless to a performance analysis. By the way, as described in ﬁgure 4.9,
it managed to mitigate the temperature of the DP during the most hostile
phases of the mission.
The laboratory test revealed its ability increase or decrease the DP in
matter of minutes. The average rates are −0.5 K/min and +0.1 K/min in
a range of 6 K. During these tests the ambient temperature was as high as
299 K and, thus, the resistance computed in state 3 was only 50% greater
than the one in state 1, but in diﬀerent environments the situation could
change dramatically. Many simulations have been carried out with the mea-
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sured data and show that, with a new experiment setup, performances could
be much higher3. The net heat radiated from the external plate varied from
1.2 to 2.5 W (measured at the equilibrium conditions) as shown in ﬁgure 5.7,
so the setup was able to double the heat dissipated from state 3 to state 1.
Figure 5.7: The net radiative ﬂux exchanged between the external plate and
the environment
In ﬁgure 5.8 it is possible to have a better view of the POLARIS front
face, displaying the external radiator plate and the RTDs mounted over it. In
this experiment setup many design drivers could have been changed, among
others:
• Increase the number of plates in order to raise the radiator thermal
resistance in state 3. Its behavior is similar to the one described for
the MLI blankets in ﬁgure 1.4
3Some information on these simulations is present in the SED[13], but additional work
is in the plans.
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• Decrease the thickness of the plates in order to reduce the resistance
in state 1 and, if possible, avoid the use of the thermal pad in between.
This involve a more advanced plates manufacturing because both the
ﬂatness and the roughness of the plates must respect tighten values
• Optimize the design of the experiment setup in order to avoid as much
as possible parasitic thermal paths
Figure 5.8: Picture of the experiment setup
In conclusion, results showed that every temperature between the two
equilibrium values above is achievable and maintainable within a small tol-
erance range. This is easily achievable with a few power consumption and
by command of a simple and reliable algorithm. This outstanding feature
indicates that the most likable scenario for this device is the one with satel-
lites that strongly need active thermal control, such as satellites subjected to
extreme, hardly predictable random variation of the environmental thermal
loads or other stratospheric probes.
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Chapter 6
Conclusions
Hofstadter's Law: It always
takes longer than you expect,
even when you take into account
Hofstadter's Law.
Douglas Hofstadter
In the previous chapter the principle behind a multi-plate radiator have
been explained and the performances of the POLARIS experiment setup
described. A direct comparison with other radiators is very diﬃcult to carry
out since every space mission has its own speciﬁc requirements and thus the
TCS is adequately designed. by the way some considerations can be made.
The most advanced kind of radiators are those that involve louvers, which
can vary the radiating power by meaning of a change in the emissivity prop-
erties. By the way they are usually spring-controlled and the switch temper-
ature is decided in the design phase of the mission. As described in section
1.4, a state of the art louver radiator is capable of increase six times the heat
exchanged with the environment, while the ﬁrst prototype of this multi-plate
was capable to double it: this is a very promising factor for future develop-
ments. This is a very Thus, if in a certain mission phase the requirements
changes, there is nothing that the spacecraft can do. Moreover, the low
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emissivity coatings degrade much more rapidly than the high one, making
the radiators that do not involve those more durable. POLARIS on the other
hand expose to the environment only a high emittance plate and could be
controlled by the software to work in a high temperature range. However it
is not easy to compare the resistances described in the previous chapters be-
cause this radiator can change the heat dissipated by mean of a change in the
temperature of the external plate and not by a change in the thermo-optics
characteristic of the plate itself.
Figure 6.1: Detail of the diﬀerent behavior between POLARIS and a standard
radiator
It is also important to recall another characteristic that distinguish PO-
LARIS from the other radiators. In fact, it was able to isolate the DP during
the stratospheric ﬂight throughout the sunlit phases. By better analyzing
ﬁgure 4.9 (a detail is showed in ﬁgure 6.1) it is possible to see that1, even if
the temperature absolute values were very high, the ﬂying setup was able to
1The lack of data in ﬁgure is due to a software reboot that happened during the ﬂight
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mitigate the temperature of more than 20 K in respect to a classic radiator
composed only by a high emittance plate. This means that, with an appro-
priate design, this radiator is able to guarantee the survival of the spacecraft's
instruments even in the worst hot-case scenario. These situations could be
during a failure of the ADCS or in missions that have to travel both very
close and very far to a star.
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I would like to thank all the people who contributed to the success of
the POLARIS experiment. First of all to the POLARIS team, that partici-
pated in the REXUS/BEXUS programme and together built the experiment
setup. We started as colleagues to become friends. I am grateful for the assis-
tance given by Prof Alessandro Francesconi and by Francesco Branz, Lorenzo
Olivieri and Francesco Sansone during the development of the experiment.
In picture 6.2 from left to right: Tommaso Cortese, Matteo Lora, Marco
La Grassa, Matteo Zorzan, Federico Cipriani, Davide Paganini, Cristian
Cacco, Francesco Cocco, Riccardo Dalla Vecchia
Figure 6.2: The POLARIS team
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